This work presents a theoretical study of the liquid steel sampling process in the iron and steel industry. As a continuous research with the previous work, the initial solidification during the sampler filling was taken into account. The liquid steel sampling procedure, which is mainly used to monitor whether the steel is at the correct composition during the steelmaking, can also be applied to examine the inclusion size characteristics. Focus was on the influence of the initial solidification on the inclusion concentrations. The whole sampling system was modeled in order to obtain a simulation result which is realistic from an industrial perspective. Argon-protected sampling was the focus in the simulations. A discrete phase model was used to simulate the movement of inclusions in the liquid steel. Inclusions were injected from the inlet pin of the lollipopshaped sampler. Some selected different sized primary inclusions that exist in the ladles during a steelmaking process were simulated. The conclusion from this work is that turbulent flow patterns within the sampler mold will change because of the space shrinkage due to the solidification. This, in turn, will also affect the inclusion dispersions. It concludes that the preferred position for detecting inclusions is the bottom region, except the bottom surface. It estimates that the mean deviation between the calculated result and the initial concentration for all inclusions in these regions is within 10 %.
Introduction
Recently, the importance of steel quality examination during the steelmaking process is acknowledged and is becoming more and more investigated. The steel sampling is one of the most important procedures during this process in order to monitor the composition of the online steelmaking, oxygen and hydrogen contents. Feedbacks from an analyzed steel sample are immediately sent to the steelmakers to perform online controls of the process. Because it is possible to achieve sampling, analyzing and receiving feedbacks on the steel composition within a short time (usually less than 5 min), characteristics of all the elements dissolved in the steel can be determined throughout the process. Similarly, it is also possible to measure the temperature accurately throughout the entire metallurgy process. However, there is no practical method available currently for determining and monitoring inclusion characteristics throughout the steelmaking process as a part of the process control. This is due to that it is very time consuming to access the total oxygen content, composition and size distributions of inclusions. 1) Table 1 shows the opportunities to obtain metallurgical feedback during the steelmaking process.
1) It is clear that no information or methods available to obtain the information of inclusion characteristics online. Therefore, in recent years, much effort has been paid to determining not only the composition, but also the inclusion characteristics from the extracted steel samples. Thus, the function of a common steel sampler is extended to include an analysis of the inclusion characteristics. By using the same sampler mold, novel methods which must be rapid enough to obtain the information of the inclusion characteristics in order to immediately control the steelmaking process have been applied and reported. One of the most successful methods is the OES-PDA method.
2) Within only 7 min, the analyzed results can be obtained. By applying this method, the steelmakers can accurately control the process. Thus, much cleaner steel can be obtained which, in turn, can improve the steel properties significantly.
The aim of this paper is to study the liquid steel sampling during a steelmaking process by employing fundamentally mathematical modeling. During the molten steel extracting, a sampler rod penetrates through the top slag into the molten steel. The sampler mold is placed at the bottom of rod. When reaching the aimed position, the molten steel is extracted through an inlet pin into the mold. Figure 1 shows the sampling position in a ladle. The employed lol- Table 1 . Opportunities for metallurgical feedback during steelmaking. 1) lipop-shaped sampler and the sampling system are schematically shown in Fig. 2 . However, the procedure of steel sampling is a dynamic process involving multi-phenomena such as high temperature, fast solidification, reoxidation and turbulence. Therefore, the studies have been divided into separate steps. More specifically, some previous studies concerning the fluid flow of the sampling process have been carried out by mathematical modeling of water fillings 3) and verified by physical modeling. 4) Results showed that the flow pattern predicted by Wilcox k-w turbulence model agreed best with the experimental results. The flow fields in the middle plane of the sampler mold were characterized into three different flow regions: an upper vortex recirculation flow region, a middle vertical flow region and a horizontal flow region beneath the vortex flow region. Therefore, mathematical simulations of the steel flow in a production sampler mold were carried out using the Wilcox k-w turbulence model at different flow conditions. 5) However, in order to fundamentally study the sampler filling process, the fluid flow pattern is only the first step. Heat transfer, solidification as well as inclusion dispersions within the steel sample during fillings must also be considered.
In this study, as an extended research of the previous work, the initial solidification during the sampler filling was taken into account. The importance of the solidification is that movements of the inclusions cease in the solidified steels. A simplified solidification model is used only considering the phase change according to the temperature.
The whole sampling system was modeled, including the heat transfer at the sampling lance (splash protection, cardboard tube, baked sand and the metal mold, which are considered as solid phase) in order to obtain a simulation result which is realistic from an industrial perspective.
Mathematical Modeling

Numerical Assumptions
The following assumptions are made in the mathematical model of the sampler: 1. The flow rate during liquid steel extraction is constant; 2. Both air and molten steel are incompressible Newtonian fluids; 3. The properties of the solid and liquid phases are homogeneous and isotropic. In addition, the solid phase is stationary and rigid, and no micro-porosity forms; 4. The solid and liquid in the mushy zone are in local thermal and phase equilibrium. Furthermore, all thermophysical properties are constant except the steel density which is temperature dependent; 5. Heat transfer by radiation and convection from the free surface is negligible; 6. Only one quarter of the sampler (shown in Fig. 3 ) was modeled due to the geometry symmetry in the computational domain; 7. The inclusion particles are assumed to be spherical; 8. The particle collision, agglomeration and breakage are not considered.
Numerical Methods
The general form of the governing equation 5) for the property F (u, v, w, k, w and T) can be expressed as follows:
.......... (1) where r is the density, t is time, u is the mean velocity vector, G is the diffusion coefficient and is the source term. To represent the free surface shape of the liquid steel at the boundary, the VOF method created by Hirt and Nichols 6) is used. In this method, the time dependent volume fraction F is governed by the following equation, The different transport equations of property F in Eq. (1) are shown in Table 2 . The movement of a single particle is governed by the following equation:
............ (3) where r p is the density of inclusion particle, d p is the diameter of the particle, u p is the particle velocity and t is time. F drag , F buoy and F grav are the drag force, 7) buoyancy force and gravitational force, respectively.
The commercial CFD (Computational Fluid Dynamic) solver ANSYS ® FLUENT ® 12.1.2 was employed to solve the governing equations mentioned above.
Boundary Conditions
The computational domain is plotted in Fig. 3 . Due to the geometry symmetry property of the sampler employed, only a quarter of the computational domain was used. At the inlet boundary, a velocity boundary was used. The calculation methods of the employed boundary condition are summarized as follows and the calculation results are shown in 2 ; e) Turbulence length scale: lϭ0.07D h ; f) Specific dissipation rate: wϭC m 3/4 (k 1/2 /l). A small sized outlet on the top of the sample body was used in order to release the gas phase in the domain. This boundary is defined as pressure outlet boundary. In addition, a value of zero Pa was set to represent the gauge pressure.
Properties of Materials
For the two phase liquid steel and air employed in this simulation, their material properties are summarized in Table 4 . The property of liquid steel is assumed to be the stainless steel 304.
Results
Initial Solidification
The solidification applied in this work aims at modeling the inclusion particles' dispersions in a more realistic manner. In this study, a simple solidification model was used Table 3 . Inlet boundary conditions. Table 4 . Modeling constants for materials property. 8, 9) without taking into account any phenomena such as the shrinkage, pores formation, segregation and air gap between the metal and mold, etc. It also assumes that no temperature gap exists between different materials. Due to the specific geometry of the sampler mold design (shown in Fig. 2 ), unique contours of steel solidification profiles are shown in Fig. 4 . The plots show that the solidification starts shortly after contacting the metal mold. The solidification rate is faster in the sample thickness direction (side view) than in the width direction. The sample surface at the bottom solidifies first followed by the upper surface and the inner body.
As a comparison of previous work, the maximum velocity magnitude at the connection area between the main mold and the inlet pin is shown in Fig. 5 . A homogenous velocity profile was applied at the velocity inlet with a magnitude of 0.4 m/s. Due to the turbulent model and the presence of the viscous layer at the wall, the homogenous velocity profile at the inlet will develop into a turbulent flow pattern in the end of inlet pin. Thus, the velocity magnitude increases. As can be seen, the velocity keeps steady in the case without considering solidification. However, due to the solidification of the liquid steel at the inner wall of metal mold, the inner diameter of the inlet pin shrinks. According to the Bernoulli's principle of flow in a pipe, the velocity is inversely to the area of the cross section for a constant flow rate. The liquid steel starts to solidify immediately when it is in contact with the chilly metal mold. Thus, the flow of the molten steel will be accelerated, leading to a significant increase of velocity magnitude. Furthermore, the thickness of the solidified shell varying with time during the filling of a sampler is shown in Fig. 6 , which can be applied to explain the velocity decrease in Fig. 5 .
A dramatic increase of the solidified shell thickness at the beginning of the filling is seen in the plot. The molten steel solidifies immediately when it is in contact with the mold. However, as soon as the contact between the metal mold and the liquid steel at top of the inlet pin, the metal mold begins to heat up. Therefore, the rate of heat transfer from the melt to the mold will decrease. Being heated by the super-heated melt, parts of the already solidified steel at the solid/liquid interface will be re-melted again. Thus, it is noticed that the thickness of the solidified shell decreases gradually during the following filling times. Therefore, the velocity will also decrease according to the increased channel in the inlet pin. Just before the sampler is totally filled up with steel, some numerical coding has been applied to gradually decrease the filling velocity at the velocity inlet. It aimed at decreasing the filling velocity to zero when just the sampler cavity is entirely filled with steel. From a numerical point of view, this method can also assist to get a better convergence of the calculation. The flow rate of steel will also decrease gradually according to the decreased filling velocity. As can be seen from Fig. 6 , the pre-solidified shell thickness suspends at about 1 s because of the low flow rate of liquid steel, which leads to a low flow rate of incoming melt that carries the re-melted steel away into mold. Also, the amount of heating applied to the solidified shell decreases. Until the incoming flow of melt cannot take the re-melted steel away into the main mold, the thickness of the shell increases. The filling stops when the entire sampler mold is filled with steel. Therefore, no more melt is filled into the mold. Thus, the heat transfer is only in the direction from the melt to the metal mold, which leads to a strongly increased thickness of the shell. The liquid fractions of steel at different filling times on the line of sample from center to the surface are shown in Fig. 7 . As the results of the influence of inhomogeneous heat transfer from melt to the mold at initial filling and especially the turbulence during filling, the liquid fraction on the center line is disturbed. As soon as the filling ceased after one second, flow inside the mold damps with time. Therefore, the heat transfer and solidification are not influenced by turbulence anymore. A very clear solidification front can be distinguished as shown in the plot. Solidification will continue until the total steel volume is transformed into a solid state. Figure 8 demonstrates the temperature verification at the center point of a sample. Both calculated and experimental results are shown. The experimental measurements have been repeated several times.
11) The mean filling velocity of the sampler during the experiments is between 0.34 and 0.71 m/s. However, due to the uncertainty of industrial plant trials at a very high temperature, it is quite difficult to obtain some stable results. As can be read from the plot, only one out of four experimental results is above the liquidus at the initial filling. On the other hand, the calculated result depicts that the temperature is kept above the liquidus during the filling within the first second. Then, it starts to decrease at 0.75 s. More specifically, the solidification starts at 0.95 s with an average solidification rate of 40°C/s. During the solidification from 0.95 to 2.3 s, the agreements between experimental and predicted results are good. After the first 2.3 s, solidification at center point completes. The cooling curve can be characterized into three regions: I. Cooling of melt; II. Solidification; III. Cooling of solidified metal. Three parameters determine the shape of the cooling curve: the heat capacity of both superheated melt and the solidified metal, and the heat of fusion of the metal.
12) The released heat of fusion keeps the temperature roughly constant in the first period of solidification. The solidification rate increases a lot during the last filling period. Besides, due to the limitation of this simple solidification model, a dramatic temperature decrease occurs immediately after the solidification.
Steel Flow
The steel flow pattern inside a sampler mold during filling is considered to be very important. If the velocity at the inlet pin is very high, higher than 1 m/s, for example, the steel flow injection will pass through the sampler body and directly hit the roof. Then the flow will flow down from the sides and fall back to fill the mold. In this case, significant turbulence will be created which is detrimental for preparing the steel sample from a metallurgy point of view. For example, the inclusion particles dispersions in the sample will not be preserved to predict the inclusions in the ladle due to collision and agglomeration of inclusions during sampling. Therefore, a calm flow pattern is desirable to preserve the original inclusion characteristics. Laminar flow is favorable, but it is impossible to achieve due to this geometry design. However, too low flow rate may lead to blocking the pass of steel flow due to fast solidification in the steel mold. Figure 9 shows the 3D contours of steel flow pattern at different filling times. As can be seen from the plots, the sampler is filled up with a small hump formed at the initial filling. The height of hump above the steel surface decreases with increasing the surface height.
3) Figure 10 shows a comparison of velocity vectors at the middle plane of the side of sampler for models with and without solidification. It is clearly seen that the hump created in Fig. 10(a) is larger than that in Fig. 10 The calculated turbulence kinetic energy based on the velocity vectors shown above is plotted in Fig. 11 . The choice of the positions for the comparison is in the centers of vortex on the side of a sample. Both of these cases correspond to an inlet velocity magnitude of 0.4 m/s. As shown above, the height of vortex centers increase with an increased free surface height. According to the previous illustrations of the 'initial solidification' (Figs. 5 and 6 ), the velocity magnitude is much higher at the beginnings of the filling in the main mold. As can be seen from the plot, the turbulence kinetic energy in the case with a solidification model is much larger than that without solidification model. The turbulence kinetic energy decreases continuously until at the end of fillings. Because of the free surface area decreases at the top of a sampler mold, the frequency of the wave on surface becomes higher. 4) This may result in a large turbulence disturbance, and thus leads to a higher turbulence kinetic energy. After the completion of the filling, the flow in the sampler damps with time. Therefore, the turbulence dissipates away, which causes a decrease of the kinetic energy.
According to the information mentioned above, the recir- ]. The empirical coefficient of collision efficiency, a, was estimated to be 0.27-0.63.
13) The calculations of particles collision volume in the case without steel solidification were carried out in the previous work. It illustrates that it is about 1.8 times for the turbulent collisions taking place in the sample when considering solidification than that without taking solidification into account. 10) Besides, it also estimates that the average collision volume in a production sampler is about 60 times higher than that in a ladle furnace (which is about W ij ϭ1.1ϫ10 Ϫ15 m 3 /s) when considering the steel solidification in the sampler. Thus, the inclusion concentrations and size distributions in the vortex regions during sampler fillings will be significantly changed from an initial concentration of inclusions in the ladle.
Inclusions
It is very important to understand the inclusions dispersions in the steel sample after solidification. Here, the concentrations of particles are calculated within the steel sample. Five different sized particles were applied during the calculation. According to the results of three dimensional investigations of inclusions in stainless steel samples, the peak of the inclusions size distribution corresponds to a size of about 1.3 mm in the experiments.
11) Therefore, the choice of tracked particles was based on the experimental results and the sizes were 0.8, 1.3, 2, 5 and 10 mm, respec- tively. According to Eq. (3), three different forces were considered to exert on the inclusions in the liquid steel flow. Table  5 presents the calculated values of forces for different sized inclusions in different regions. As can be seen in the table, the applied drag force is much higher than both of the buoyancy and gravitational force that is exerted on the same inclusion. In addition, both buoyancy and gravitational forces increase with an increasing size of inclusions. The drag force is calculated for different regions of a sample. The location choice of these regions is illustrated in Fig.  12 . Figure 12(a) is the center of a sample in a front view. The flow patterns are quite similar to the former work done by simulating the filling liquid steel.
10) It also characterizes into three different flow regions as defined previously. In Fig. 12(b) , the regions are chosen as the center of vortex flow region, and both inner and outer vortex flow regions. And another important flow region is at the velocity inlet. The calculated results show that the drag force for a single inclusion is the highest in the inlet flow region due to the assumption of zero velocity of inclusions at the inlet. Therefore, the drag forces need to accelerate the motion of inclusions. The low drag force in both Regions I and II is because the velocity difference between the fluid velocity magnitude and the inclusion velocity magnitude is very small. It is found that the drag force of an individual inclusion in Region IV is relatively higher than those found in Regions V and VI. This may be because the recent injected inclusions from inlet pin with the incoming fluid flow need to be decelerated significantly as soon as flowing into the vortex region. Therefore, the inclusions may concentrate in this region. From this table it can also be concluded that the movement of inclusions is mainly governed by the fluid drag force.
Due to the calculation limitation (hardware), the total number of 384 000 tracked particles for simulation is significantly less compared to the real number of inclusions that are present in a production steel sample. But the amount of tracked particles in this work is enough for the analysis and comparison of the main tendencies for distribution of inclusions with different sizes in the steel sample. Besides, as the particles will disperse all over the calculation domains of the fluid, some numerical code have been developed to constrain the movement of inclusions within the steel phase domain. The concentrations of dispersed particles in a solidified sample were analyzed in different zones and different parts, as illustrated in Fig. 13 . Each analyzed zone has the same volume with a dimension of 12ϫ6ϫ0.2 mm 3 . The initial concentration of inclusions in liquid steel for each sized particle is 6.22 mm
Ϫ3
. Figure 14 shows the experimental results obtained from a three-dimensional investigation of particle size distributions in different zones on the surface of a lollipop-shaped 12 mm thickness stainless steel sample that taken during the ladle treatment.
11) It was found that the top zone contains the highest concentration of inclusions. Slightly more particles are found in the bottom zone than in the middle. The ratio between the total number of inclusions in the top and middle zones is around 1.7. The calculated results shown in Fig. 15 also depict the same tendency as described in Fig.  14 and verified by it. The mean total inclusion number ratio is about 2, which is quite similar to the experimental results. However, as shown in Fig. 15 , the predicted inclusion concentrations in different zones of sample center show a © 2010 ISIJ Table 5 . Calculated values of forces exerting on inclusions at different regions. quite different trend. The calculation results in the center of sample show that more inclusion particles can be found in the middle region of the sample than at center. The inclusions concentration in the middle of the center area is about three times larger than that found in the middle of the surface area. This may be due to the vortex formed by turbulence, which can bring the inclusions into the recirculation flow causing a high concentration of the inclusions. 1) Additionally, this recirculation flow with a high turbulence energy dissipation rate can also lead to a high particle collision rate. On the other hand, the inclusion dispersions on the top and bottom zones in the center area are almost the same. It should also be noted that a more advanced solidification modeling might have resulted in different results. Figure 16 shows the calculated distributions of inclusions with different sizes at the surface, 1/2 center and the center areas. The average N v value for all zones of sample in each group of inclusion size equals to the initial concentration of inclusions in the melt (6.22 mm
). It depicts that the inclusion concentration with different sizes increase significantly in the middle zone from the sample surface to the center. At bottom zone, they also increases substantially from the surface to the 1/2 center areas and then decreases slightly in the center. Due to a higher concentration of inclusions at the top surface zone, the increase of the concentration from surface to the 1/2 center area is small for the 0.8-5.0 mm sized inclusions. After the slight increase, they decrease to a certain extent.
From the above shown plots it is seen that the concentrations of different sized inclusions on sample surface are very low at both bottom and middle zones. In contrast, the inclusions concentrations in both 1/2 center and the center are quite high for the middle region. The quite big difference is due to the high turbulence during the sampler filling. After the injection of molten steel from the inlet pin into the main sampler mold, the created hump collapses and forms vortexes. Thereby, the recirculation flow in the vortex region tends to pull the inclusion particles in the steel flow into its centre. The height of vortex region increases with an increasing liquid steel surface. Thus, a higher concentration of inclusions is kept in the center of the vortex. This, in turn, will lead to more opportunities for the inclusions to collide and agglomerate for an industrial case. After a certain amount of heat is released from molten steel to the chilly metal mold, the steel solidifies immediately and its movement stagnates. As shown in Fig. 4 , the first solidified region is the bottom parts next to the wall. The rate of solidification can be as high as 400°C/s. Thus, the molten steel with fewer inclusions solidifies in these regions, causing a low concentration of inclusions. Because of the high turbulence during sampler filling, an inhomogeneous dispersion of inclusions in the entire sample can hardly be avoided.
The contours of averaged concentrations for different sized inclusions in the middle plane of a Lollipop sample are schematically plotted in Table 6 shows the results of calculated k. The results show that the deviation of k is smaller in the smaller sized inclusion range. At the range of 5.0-10.0 mm, the deviation is as high as about 40 %. However, it should be noted that the most of the inclusions are in a range of 0.8-2.0 mm for a production sample. It is seen that the calculated k for different zones in this range is the least deviation. It demonstrates that the calculation results agree best with the experimental results in this range.
Discussion
The filling process of a liquid steel sampling system in the steel industries is very complex. It is difficult to simulate this process in a laboratory scale experiment. The difficulty of this dynamic process lies in the following aspects: 1. High temperature: The working temperature is at the steelmaking temperature above 1 550°C. During the sampling, the protection splash surrounded at the end of sampler rod will burn when submerged into the melt. The chemical reaction between the splash protection and the melt at an extremely high temperature will release quite amount of carbon dioxide, which will flow out to the surface of melt. The large amount of floating carbon dioxide bubbles will lead to a significant shake of the sampler rod, causing a very unstable sampling condition; 2. Solidification: The liquid steel solidifies immediately after it is sucked into the metal mold. In addition, a rapid solidification occurs when it solidifies on the wall of the mold. Usually, shrinkage is found in the top center of the solidified sample. Sometimes, porosities are found in the steel samples. On the other hand, a thin air gap will form between the solidified sample and the mold; 3. Reoxidation: Molten steel may oxide in the metal mold causing exogenous inclusions that originally do not exist in the melt; 4. Turbulence: The fluid flow is turbulent mainly because of the injection of steel from inlet pin into the main mold. Besides, the shaking sampler rod will cause more chaotic flow in the sampler mold. It is hard to verify the turbulence if it is coupled with solidification; 5. Small scale: The dimension of the sampler mold is very small. Thus, some simplification and assumptions were made during the numerical calculations. Such as the simplified solidification used is with the limitations of no shrinkage, no pore formation, a good contact between each solid zones and no air gap between the solidified steel sample and the mold. Besides, The Wilcox k-w model was used for entire simulations of fluid flow of the sampling system. This turbulence model works very well for the water and liquid steel simulation only without solidifications. Due to the changed cavity of the mold after an initial solidification, the flow pattern will be influenced a lot. In this case, however, it is difficult to determine which turbulence model that agrees best with the instantaneously changed flow patterns along with the narrow fluid flow space and it is also hard to be verified. Moreover, the inclusion model is also simplified. Only three forces were exerted on the particles that will determine the movements. In addition, the initial concentrations of inclusions were also assumed as well as the particle sizes. So the results of the inclusion tracking will be only the particle concentrations at some specific regions. Although lots of simplifications and assumptions were made to carry out the calculation, the tendency of numerical results agrees very well with the industry plant trials. Generally speaking, it is always desirable to have an ideal filling condition with a very calm flow pattern and uniform concentration of inclusions. So the initial inclusion size distributions in the ladles can be preserved to a large extent. However, after the investigation of the results in this work, it is found that it is difficult to obtain a very calm filling and steady flow pattern condition. The turbulence presence during filling with extremely chaotic flow patterns is very difficult to maintain accurate inclusion size distributions. For example, the Reynolds number at the inlet pin areas is around 2 100-3 500, just slightly more than the critical value between laminar and turbulent flow which is Reϭ 2 100. However, due to the initial solidification at the inlet of main mold, the inner diameter of the pin shrinks. As mentioned in the results part above, the shrinkage cause a dramatic increase of the flow velocity leading to an injection into the mold. In this case, the Reynolds number can reach values which are as high as 6 000. Thus, a serious chaotic flow pattern is created by the increased velocity. After the steel is injected into the mold, it firstly collapses down from the sides, which creates a chaotic flow pattern. Therefore, the initial uniform inclusion concentrations are also destroyed.
The calculated results of inclusion concentrations in different zones of the 12 mm thickness lollipop-shaped sample can be employed to determine the optimal position of the steel sample for inclusion analysis. Results show that some calculated regions predict good agreement with the initial conditions, well, some are not. As can be seen from Fig. 16 , the deviation is high between the initial concentration and the calculated results at the middle of the sample. Similarly, the calculated results at the bottom surface area deviates from the initial concentration a lot. The average deviation for different sized inclusion at these positions is about 50 %. However, calculations illustrate that the results on top and bottom zones except bottom surface area have approximately the same results as the initial concentrations. The mean deviation for all kinds of sized particles is within 10 %. However, the result is only from a simple numerical solidification model. From a metallurgical point of view, it always has porosity and shrinkages in the top zone of a steel sample in industries. These metallurgical problems are impossible to avoid. In this case, the only proper position that can be applied for the analyses is the bottom zone except for the bottom surface area. Therefore, it is very important for the steelmakers to know the correct positions of a steel sample where inclusion determinations should be made for this particular lollipop-shaped sample.
Conclusions
The liquid steel sampling system of a lollipop-shaped sampler during its filling process has been numerically investigated. In addition, the influence of initial solidification on the fluid flow and particle movements has also been studied. The most important specific conclusions from this study are summarized as follows:
(1) The solidification starts immediately after the liquid steel comes in contact with the metal mold. The rate of solidification is faster in the direction of sample thickness than the width direction. The sample surface at the bottom solidifies first followed by the upper surface and the inner body. Besides, the solidification can be influenced by the turbulent flow pattern during the filling. The calculated temperature at the sample center was verified by data from industrial plant trials.
(2) At the initial filling, due to the solidification of liquid steel at the entrance of the main mold, the inner area of the inlet tube shrinks. This causes a dramatic increase of the velocity magnitude at these positions. The accelerated molten steel flow will be injected into the mold creating a hump. Moreover, the calculated turbulence kinetic energy in the sampler mold when considering solidification is about two times higher than that without solidification. The predicted inclusion collisions due to turbulence during sampling are much higher than those take place in a ladle furnace during the steelmaking.
(3) The prediction of inclusion concentrations was carried out. The regions were investigated horizontally from the sample surface to center, and vertically from the top to bottom. The agreement of obtained tendencies was found to be good compared to the industrial plant trials on the sample surface. Besides, the concentrations of inclusions at other regions were also predicted. The calculated results show that the preferred positions that can be employed for analyses are the bottom zone except bottom surface area. It estimates that the mean deviation between the calculated result and the predefined initial concentration for all inclusions in the bottom zone is within 10 %.
